Abstract. In this review, I discuss the use of galaxy-galaxy weak lensing measurements to study the masses of dark matter halos in which galaxies reside. After summarizing how weak gravitational lensing measurements can be interpreted in terms of halo mass, I review measurements that were used to derive the relationship between optical galaxy mass tracers, such as stellar mass or luminosity, and dark matter halo mass. Measurements of galaxy-galaxy lensing from the past decade have led to increasingly tight constraints on the connection between dark matter halo mass and optical mass tracers, including both the mean relationships between these quantities and the intrinsic scatter between them. I also review some of the factors that can complicate analysis, such as the choice of modeling procedure, and choices made when dividing up samples of lens galaxies.
Introduction
The field of galaxy formation and evolution seeks to explain the evolutionary history of galaxies, but is handicapped by the difficulties in observing the dark matter field in which the galaxies form and evolve. The connection between galaxies and their host dark matter halos is an essential ingredient in the physics of galaxy formation. One very useful probe of the galaxy-dark matter connection is weak lensing around galaxies, or galaxy-galaxy lensing (e.g., Hoekstra & Jain 2008) .
Gravitational lensing, the deflection of light by mass, induces tangential shear distortions in the shapes of background galaxies around foreground galaxies, allowing direct measurement of the galaxy-matter correlation function. This approach has the advantage of being sensitive to all matter, independent of its dynamical state. The individual distortions are small (typically of order 0.1%), but by averaging over all foreground ("lens") galaxies within a given subsample selected based on their properties (a process known as "stacking"), and over all the source galaxies behind them, it is possible to obtain a high signal-to-noise measurement of the shear as a function of angular separation from the galaxy, known as the galaxy-galaxy lensing signal.
In the past ∼ 15 years, the quantity of imaging data with high-quality galaxy shape information and with some redshift information (either spectroscopic or photometric redshifts) has drastically increased, in large part due to the efforts of major surveys such as the Red-Sequence Cluster Survey (RCS, and RCS2 , the Sloan Digital Sky Survey (SDSS, York et al. 2000) , the Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS, Heymans et al. 2012; Erben et al. 2013) , and the Hubble Space Telescope (HST) COSMOS Survey (Koekemoer et al. 2007; Scoville et al. 2007a,b) . The increase in data quantity and quality, plus the appeal of a measurement method that is directly sensitive to the dark matter, has led to tremendous progress in the use of galaxy-galaxy lensing to study the connection between galaxies and matter.
The purpose of this review is to describe some of the studies that have analyzed galaxygalaxy weak lensing measurements to learn about the masses of dark matter halos around 2 Mandelbaum galaxies, and to highlight important lessons learned and unsolved aspects of this problem that require more work in future, for example for the next generation of large lensing surveys that will measure weak gravitational lensing more precisely than has been done with current datasets. The topic of this review is limited to relatively general studies of typical galaxies, leaving aside studies of particular galaxy types using weak gravitational lensing (e.g., Mandelbaum et al. 2009; Dutton et al. 2010; Reyes et al. 2012) , studies of the radial profiles of dark matter halos with weak lensing (e.g., Gavazzi et al. 2007; Mandelbaum et al. 2008; Schulz et al. 2010) , and studies of group or galaxy cluster dark matter halos (e.g., Hoekstra et al. 2013 ).
Theory
Weak gravitational lensing, the deflection of light rays by the mass in matter along the line-of-sight, results in coherent shape distortions (shears) in the background galaxies. The strength of the lensing shear depends on the mass in the lens object (galaxy or cluster), the separation on the sky between the lens and the source object, and the line-of-sight distances to lens and source.
A galaxy-galaxy weak lensing measurement probes the connection between galaxies and matter via the cross-correlation functions ξ gm ( r), which can be related to the projected surface density of matter around the lens galaxies
where R is the transverse separation and χ the radial direction over which we are projecting †. The surface density is then related to the observable quantity for lensing, the differential surface density,
2) in the weak lensing limit, for a matter distribution that is axisymmetric along the line of sight (which is naturally achieved when stacking thousands of lens galaxies to determine their average lensing signal). Typical galaxy-galaxy lensing measurements require substantial numbers of lens and source galaxies in order to average out the random component of the source galaxy shapes, which is typically the dominant source of noise in the measurement. This observable quantity can be expressed as the product of two factors, a tangential shear γ t and a geometric factor
where D L and D S are angular diameter distances to the lens and source, and D LS is the angular diameter distance between the lens and source. For isolated galaxies at the center of dark matter halos, the surface density of surrounding matter can be written in terms of the 3d density profile ρ(r) on small scales, as
Galaxy Halo Masses from Weak Gravitational Lensing 3 to 1 Mpc range. On even larger scales, there is a small but significant contribution due to the matter in structures that are physically associated with but not inside of the halo in which the lens galaxy resides (the "2-halo term"). As a result, the interpretation of the lensing signal can be complicated, depending on the local environment of the galaxies (mixture of isolated and central galaxies vs. satellites) and the separations R used (larger scales requires modeling of the term due to large-scale structure). Moreover, the stacking process means that the average profile can be affected not just by mean relationships between mass and observables, but also by scatter in those relationships. Different studies have taken different approaches to these interpretation challenges, as I will describe below.
Results
Among the first galaxy-galaxy lensing results with detailed modeling of the mass distributions of large samples of foreground lens galaxies were Hoekstra et al. (2005) , Mandelbaum et al. (2006) , and Heymans et al. (2006) . Hoekstra et al. (2005) used data from the RCS to identify isolated galaxies and measure their lensing signals as a function of stellar mass or luminosity. Due to the use of isolated galaxies, their approach was to fit the signals to an NFW (Navarro et al. 1996) profile, ignoring the possibility of contributions from host halos of those galaxies that may be satellites in larger halos, and restricting to small enough scales that the 2-halo term is negligible. They find a relationship between halo mass and luminosity that goes like M halo ∝ L 1.5 . This result is based on the best-fit mass for samples with some average luminosity, ignoring scatter between mass and luminosity. They also made these measurements for early and late-type galaxy samples split based on color, and found M halo /M * higher by a factor of ∼ 2 for early types. Dividing M * /M halo by the cosmological baryon fraction to estimate an efficiency of conversion of baryons to stars,
they found η ∼ 33% and ∼ 14%, respectively, for early and late type galaxies. Using data from the SDSS Main spectroscopic galaxy sample, Mandelbaum et al. (2006) analyzed the host halo mass for early and late-type central galaxies as a function of their stellar mass and luminosity, for galaxies at a typical redshift of z ∼ 0.1 (lower than the RCS study). In this work, the split into early versus late types was achieved using a morphological estimator (not color). This work also estimated the satellite fractions purely based on the lensing signal alone. In order to interpret the lensing signals in terms of central and satellite galaxies in a statistical sense, this work used a halo model (e.g., Seljak 2000; Cooray & Sheth 2002) formalism that was tested for these purposes on mock galaxy samples derived from N -body simulations by Mandelbaum et al. (2005) . The simple halo model that was used had only two free parameters, with the rest fixed to some values selected based on the N -body simulation analysis, and correction factors for scatter in the mass-observable relation were applied to the best-fit masses. The findings for M * /M halo in this work were consistent with those from RCS for stellar masses above 10 10 M ⊙ . Below that stellar mass, early and late type galaxies were found to have statistically consistent conversion efficiencies (Eq. 3.1), suggesting that stellar mass is a good tracer of halo mass below M * ∼ 10 10 M ⊙ . For a galaxy sample around L * , the halo model analysis of the lensing results suggests M halo /L = 79 +27 −24 and 41
for early and late types, respectively, with higher values at higher luminosity; results at lower luminosity are too noisy to draw conclusions about trends in that direction.
Using data from the HST GEMS survey, Heymans et al. (2006) analyzed the lensing signal from high stellar mass galaxies over a long redshift baseline, 0.2 < z < 0.8. Given the stellar mass limit log (M * /M ⊙ ) > 10.5, the majority of the galaxies exhibit early type morphology; however, no explicit morphological split was used. After modeling the signals using a pure NFW profile without modeling of signal due to satellites or halo vs. stellar mass scatter, they find an average conversion efficiency of η = 0.10 ± 0.03 (1σ) for the entire sample. These results are consistent with those from lower redshift (Hoekstra et al. 2005; Mandelbaum et al. 2006 ) when comparing with samples that have a similar stellar mass range. When splitting into redshift bins within the GEMS sample, they find no statistically significant evolution of the M halo /M * ratio, though their best-fit relation includes slight evolution in the direction of higher ratio at higher redshift, giving an upper limit in growth of this ratio of 2.5 from z = 0.8 to the present time.
More recently, Leauthaud et al. (2012a) carried out a joint analysis of the galaxygalaxy lensing, galaxy clustering, and abundance of galaxies as a function of stellar mass (without splitting by galaxy type) in the COSMOS survey. While this survey covers a very small area of the sky, its depth provides a long redshift baseline over which to carry out this analysis. This joint analysis used a quite complex formulation of the halo model with many parameters including ones regulating the scatter between the halo and stellar mass, as described in Leauthaud et al. (2011) . For this particular dataset, the stellar mass function has the highest S/N and therefore dominates the constraints on the halo vs. stellar mass relation, which is provided as a functional form with four parameters determined in three redshift bins. The redshift evolution of this halo vs. stellar mass relation is indicative of downsizing, with the stellar mass at which the star baryon conversion efficiency is maximized decreasing at lower redshifts. One new aspect to this halo model analysis compared to previous ones used for lensing analyses is that it provides constraints on the logarithmic scatter in the stellar mass at fixed halo mass, which varied in the range σ log M * = 0.2-0.25 for the three redshift bins.
The halo model formalism used by Leauthaud et al. (2012a) relied on the use of all galaxies at fixed stellar mass to define the abundance. An updated version of the formalism that permits a split into star-forming and passive galaxies was presented and used by Tinker et al. (2013) , also on the COSMOS data. The results of that work suggested that for massive galaxies (M * 10 10.6 M ⊙ ), star-forming galaxies form stars at a rate that roughly matches the growth of their dark matter halos via accretion from z = 1 to 0, whereas for quiescent galaxies, the growth of their dark matter halos outpaces star formation, reducing their apparent baryon conversion efficiency η. In contrast, for lower mass galaxies, the halo vs. stellar mass relations are similar for passive and star-forming galaxies at z < 1. These findings are qualitatively consistent with the trends from the SDSS data using lensing alone in Mandelbaum et al. (2006) , but the S/N in COSMOS is superior for lower mass galaxies. Moreover, COSMOS enables tests of redshift evolution, and find a cross-over in the red-blue stellar vs. halo mass relation as a function of redshift, which has not been seen in other surveys (either due to insufficient redshift baseline, or different modeling strategies).
van Uitert et al. (2011) used imaging data from the RCS2 together with SDSS spectroscopic redshifts in order to perform a weak lensing study of the halo vs. stellar mass relation, with a similar halo model formalism as that used in Mandelbaum et al. (2006) . They find a relatively steep scaling of halo mass with luminosity, 2.2 ± 0.1 and 1.8 ± 0.1 for red and blue galaxies, respectively †, which is inconsistent with that found by Hoekstra et al. † These numbers differ from those in van Uitert et al. (2011) , and come from a correction that was reported in Velander et al. (2014) , which used the same halo modeling software.
(2005) in the RCS; however, the different methods of modeling the lensing signals and different selection criteria used could be responsible for this difference. The results are consistent with those from the SDSS analysis by Mandelbaum et al. (2006) within the errors. When splitting the sample by stellar mass, van Uitert et al. (2011) confirm the findings from the SDSS: below 10 11 M ⊙ , the stellar mass traces halo mass, but above that stellar mass, the halo masses differ for early and late type galaxies.
van den Bosch et al. (2013) presented a 9-parameter conditional luminosity function (CLF) formalism including various input from N -body simulations (halo mass function, concentration-mass relation, and others). Cacciato et al. (2014) showed that when fitting the parameters of this model to describe low-redshift SDSS samples, the resulting CLF was able to describe lensing signals for higher-luminosity and redshift SDSS and RCS2 samples without further adjustment. This result is non-trivially interesting and suggests that the 9-parameter model may be capturing the key features of the galaxy-dark matter connection. One interesting aspect of this model is that it includes constant scatter in log L at fixed log M halo , which implies that the scatter in log M halo at fixed log L is not constant (given that the slope of the luminosity-mass relation varies). This aspect of the model is similar to the results of the COSMOS analysis from Leauthaud et al. (2012a) , which described the results in terms of a fixed scatter in log M * at fixed M halo .
Two works (Hudson et al. 2013; Velander et al. 2014 ) have explored the galaxy-galaxy weak lensing signals as a function of lens galaxy properties using CFHTLenS data. The CFHTLenS data cover sufficient area with enough depth that, compared to the SDSS, RCS, and RCS2, the statistical errors in the lensing signal at lower stellar mass and luminosity have decreased significantly †. When fitting the halo mass to a power law in luminosity (stellar mass), Velander et al. (2014) −0.07 ) for red and blue galaxies, respectively. This is shallower than the RCS2 results, possibly because of multiple differences in galaxy selection, as discussed in detail in Velander et al. (2014) ; however, their results are largely in agreement with the results from the SDSS. Comparison with COSMOS results is somewhat more complex, given that the best-fitting stellar vs. halo mass relationship can only be turned into an average halo mass within each bin when considering the scatter in stellar mass at fixed halo mass. We will return to this point shortly. Han et al. (2014) carried out a maximum-likelihood weak lensing analysis of opticallyselected galaxy groups in the Galaxy and Mass Assembly (GAMA) survey, using SDSS galaxies as background sources. While the focus of the paper is on groups of galaxies, results are also shown for a set of "groups" with N gal = 1, i.e., individual galaxies split by stellar mass (not type or morphology). The trends for the average halo mass as a function of stellar mass were largely consistent with those from previous surveys. One point that was highlighted in both Leauthaud et al. (2011) and Han et al. (2014) , and that is quite relevant to the comparison of results from e.g. Velander et al. (2014) against those from Leauthaud et al. (2012a) , is that the average halo mass at fixed stellar mass is very sensitive to the lognormal dispersion in M * at fixed M halo (even more so than on the median M * at fixed M halo ). Thus, comparison of results of contraining M * as a function of M halo against measurements of M halo at fixed M * is highly non-trivial. For the GAMA galaxies, Han et al. (2014) found σ log M * ∼ 0.15, consistent with the COSMOS results within the errors. However, since σ log M * includes not just intrinsic scatter but also measurement error (which could depend on how the stellar mass are † The errors are similar to those in COSMOS at low stellar mass, however in the case of the COSMOS analysis, the clustering and stellar mass function plays a significant role in the halo model constraints at low stellar mass. 
GAMA(this work) SDSS late SDSS early CFHT blue(V13) CFHT red(V13) CFHT all(H13) COSMOS Figure 1 . The central halo mass-stellar mass relation measured from weak lensing, from several works described in this section. The quantity that is plotted is the average logarithmic halo mass at fixed stellar mass. The COSMOS measurement, originally provided as a fitted log(M⋆)|M h relation, was converted to the plotted quantity by taking into account the scatter in mean stellar mass at fixed halo mass. The same conversion is done for the results from Hudson et al. (2013) .
It is important to keep in mind that M halo (M * ) depends not just on the mean relationship between these quantities, but also on both their intrinsic scatter and the measurement error in the M * . For example, surveys with stellar masses based purely on photometric redshifts, which are an additional source of non-negligible scatter, should have lower average halo masses at fixed stellar mass. estimated and whether the dataset has spectroscopic or photometric redshifts), it is not necessarily the case that we even expect similar results from all surveys. To summarize, in Fig. 1 we show figure 9 from Han et al. (2014) , which compares the results for the average halo mass in stellar mass bins (averaged over all galaxy types) from several different papers.
Future challenges
Aside from the basic observational challenges in weak lensing measurements, which are summarized in e.g. Weinberg et al. (2013) , here I discuss some of the challenges in how to make and interpret weak lensing measurements of dark matter halo masses.
The first issue is in defining the observational quantity to be used as a mass tracer, typically either stellar mass and luminosity. For galaxy samples with spectra, the presence of a redshift can be useful in making a robust estimate of these quantities by fitting the SED to templates. However, for lens samples with imaging data alone, photometric redshifts uncertainty becomes uncertainty in the stellar mass and luminosity. The process of carrying out these fits to interpret the SED in terms of stellar mass and luminosity has other sources of uncertainty. The most commonly considered uncertainty is due to the stellar initial mass function (IMF), which can lead to tens of percent differences in stellar mass estimates. However, even controlling for IMF differences, Leauthaud et al. (2012b) argue that differences in stellar mass estimates due to the stellar population synthesis model, form chosen for star formation history, and ways of handling dust attenuation can lead to ∼ 45% uncertainties in the stellar mass estimates. Finally, in the estimate of stellar mass from the mass-to-light ratio and luminosity, we cannot ignore uncertainties that may arise due to the flux estimate that goes into luminosity. This estimate often involves fitting the surface brightness profile of the galaxies, which itself has many pitfalls in the choice of models to use (e.g., Bernardi et al. 2014 ) and systematic errors due to sky level misestimates near bright foregrounds. These sources of uncertainty make comparison between measurements from different surveys with different analysis techniques necessarily difficult, and in future, we will need to control for such differences quite carefully.
Another issue, which is relevant for studies that attempt to define type-dependent relationships between stellar and halo mass, relates to how the galaxies were split into different types. Morphological estimators can be noisy and difficult to apply to limitedresolution imaging from the ground. Estimators based on spectra, such as the strength of the 4000Å break, are limited to the special cases where spectra for lens objects are available. Use of rest-frame colors from imaging data can couple photometric redshift errors to the quantity used for type classification, and can also be fooled by dust extinction in edge-on spirals. It is therefore not apparent to what degree we can compare type-dependent relationships that are derived in different ways. It is interesting that Hudson et al. (2013) and Velander et al. (2014) found using CFHTLenS that for certain stellar mass bins, their estimates of the halo vs. stellar mass relation differ for certain galaxy types. Naively, since they are using the same source catalog and photometric redshifts, one would expect the noise in their measurements to be correlated, which should result in their agreeing at better than the 1σ level. However, the two works differ in their choice of type separator (color vs. spectral type, respectively) and their way of binning the galaxies by stellar mass (directly vs. using luminosity and then getting an average stellar mass for each luminosity bin). They also have some differences in how the mass modeling of the lensing signals was carried out. Differences in how the data were split into samples and modeled must be responsible for the difference between these results.
The final challenges have to do with how halo mass is modeled. The choice of whether to use isolated galaxies (which do not require halo modeling) or not could lead to the selection of unfair samples compared to use of all galaxies regardless of environment. At the same time, the halo model that can be used to interpret the lensing signal for a sample of mixed central and satellite galaxies has its own limitations: for example, it does not include assembly bias (wherein galaxy properties depend not just on halo mass but some other parameter like age; see Zentner et al. 2014 regarding its effects on halo model analyses, and Hearin et al. 2014 for an analysis that attempts to account for assembly bias). It also relies on N -body based quantities like the halo mass function and concentration vs. mass relation, which means that if baryonic effects are important (Duffy et al. 2010; Cui et al. 2014 ) then the halo model predictions will be incorrect and therefore so will the estimated masses. Another factor that is relevant to the studies that already use halo models is the choice of how much complexity to allow. For example, Mandelbaum et al. (2006 ), van Uitert et al. (2011 ), and Velander et al. (2014 all used simple halo models with many parameters fixed and with simple corrections for halo mass vs. observable scatter; Leauthaud et al. (2011) and Tinker et al. (2013) used a much more complex halo model with more freedom and fewer fixed parameters, but they also needed to include much more data (stellar mass function and clustering) in order to get strong parameter constraints, which means that systematic uncertainties in abundances become more relevant than in the lensing-only studies. It is clear that some of these nuisance parameters are important, and in order to compare results we must understand the impact of choices about which nuisance parameters are held fixed and which are free.
In short, the above complications can complicate a comparison between the different measurements described in Section 3. In the near future, larger lensing surveys are going to make even higher S/N measurements of galaxy-galaxy lensing, which could lead to a better understanding of the halo vs. dark matter connection from weak lensing. At the same time, with the better data will come a need for greater understanding of how these challenges are affecting the results.
Conclusions
Because of its sensitivity to all types of matter (stars, gas, and dark matter) and its insensitivity to their dynamical state, weak gravitational lensing has emerged as a powerful tool to study the connection between galaxies and their host dark matter halos in the past decade, with results from multiple surveys, the most recent of which have achieved statistical errors in the 5% regime. While there are a number of challenges to understand in the modeling that is used to go from measured lensing signals to constraints on masses, as described in §4, there is every reason to believe that near-term surveys 
